A wide variety of cellular material can be analysed by in situ hybridisation and each sample type requires specific pretreatment measures. Thus, individual cells obtained from cell cultures, from exfoliated or aspirated clinical samples, or by disaggregation of fresh tissue require fixation to preserve morphological detail. Precipitating fixatives such as 70% ethanol 4 and the conventional fixative used in cytogenetics (methanol:acetic acid; 3:1) are very useful as they allow cell suspensions to be stored indefinitely at −20°C. Moreover, in situ hybridisation can often be performed directly on such fixed cells or with relatively mild proteolytic digestion. Fixation of isolated cells in cross linking fixatives such as neutral buVered formalin has been suggested to improve morphology further but this is at the expense of the requirement for more rigorous proteolysis. Fixation under controlled circumstances has the added advantage that variability is reduced to a minimum. This is particularly important when proteolytic digestion conditions are being optimised.
Archival paraYn wax embedded tissues are an almost limitless source of material for study using a variety of molecular techniques. This type of material is particularly useful for in situ hybridisation as the morphology of the tissues is optimally preserved. Most routine laboratories use either neutralised or neutral buVered formalin for tissue fixation. These fixatives preserve nucleic acids relatively well. Other fixatives, however, such as Bouin's (used for fixation of testicular biopsies), preserve nucleic acids poorly. For most studies, the fixation and embedding processes simply have to be accepted and the subsequent elements of the procedure optimised for the particular specimens being used.
Pretreatment of cells and tissues
Once the cells or tissues have been fixed, the nucleic acids contained within them have to be made available to the probe, a process known as unmasking. The mainstay of this process is proteolytic digestion, most frequently using proteinase K or pepsin HCl, although many other enzymes have been used. Proteolysis removes components of the cell nucleus and cytoplasm to allow probe access. Thus, underdigestion leads to suboptimal probe penetration. Conversely, overdigestion leads to destruction of cell and tissue architecture. This results in loss of both nucleic acids and morphological detail. In both these situations, there is relative failure of the hybridisation reaction as probe and target nucleic acid are not brought together under optimal conditions. Sometimes, acceptable results cannot be obtained despite optimisation of proteolytic digestion. In this situation, coupling of digestion to other unmasking techniques such as treatment with sodium bisulphite, sodium thiocyanate or hydrochloric acid, or microwave pretreatment can be used to improve probe access while retaining morphological detail. 5 The mechanisms by which these steps improve nucleic acid unmasking are not clearly understood, although extraction of histone proteins from nuclei is thought to be one important This journal is continuously expanding and evolving. This article is the first of a new series of reviews intended to "demystify" techniques and concepts in molecular biology and pathology. The aims of this series are to take a particular topic and to clarify what is often a complex field. Conventional reviews often assume a certain level of knowledge, not least a familiarity with the jargon associated with the subject.
We have been approached by readers who expressed a wish for review articles that go back to basics. Even those who are experienced in their own field may find themselves baZed by specialised articles. We can all benefit from being guided through fundamental principles and it is hoped that this new series will fulfil this role.
We welcome suggestions by readers for subjects to be covered in this series, which we hope will increase the value of this journal.
factor. Following unmasking, postfixation, particularly in aldehyde based fixatives such as paraformaldehyde, may be useful for the prevention of loss of material from the slide and for further preservation of morphology. Following proteolysis, many workers dehydrate their preparations using an ethanol series. This leads to some improvement in morphology particularly in cellular preparations although, for paraYn sections, dehydration by air drying seems just as eVective.
PROBES
A wide variety of probes can be used for in situ hybridisation and the appropriate type is determined to a large extent by the application. 5 For DNA detection (for example, DNA viruses, chromosome specific probes or locus specific probes 6 ), double stranded DNA probes are the most commonly encountered. Many of these are now commercially available either as individual probes or in kit form. For RNA detection, RNA probes (riboprobes) are often used because: RNA-RNA hybrids are more stable than DNA-RNA hybrids; riboprobe vectors can be used to generate both sense and antisense probes to allow control of hybridisation; and unbound probe can be digested using RNAse, which does not digest double stranded RNA. Alternatively, oligonucleotides, either singly or in a cocktail, can be used, particularly for the detection of high abundance RNA. These have the advantage that they can be custom synthesised and have high specificity. They can also be labelled eYciently by 3' tailing by which multiple labelled nucleotides can be added enzymatically to each oligonucleotide molecule.
The choice of label is governed to some extent by personal preference and, in some situations, commercial availability. Isotopic (radioactive) labelling is now largely confined to RNA detection, particularly where nonisotopic alternatives are unsuccessful.
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S is the most popular label as it combines reasonable specific activity with relatively high morphological resolution. Many laboratories now use non-isotopic labels exclusively. The most commonly used of these are biotin and digoxigenin but many others-for example, fluorescein, are available. 7 One advantage of using a fluorochrome as hapten is that both direct fluorescent detection and indirect immunoenzymatic detection can be used for the same probe. The flexibility of these non-isotopic labels, coupled with their high morphological resolution, has led to a dramatic increase in their use for in situ hybridisation.
Labelling of probes is most commonly performed using enzymatic methods. DNA probes are conveniently labelled by either nick translation or randomly primed extension, both of which introduce labelled nucleotides such as digoxigenin-11-dUTP into the probe molecules. RNA probes are generally labelled by in vitro transcription whereby the probe sequence is cloned into a vector containing RNA polymerase promoter sites, and probe molecules generated using 'phage RNA polymerase mediated incorporation of labelled nucleotides such as digoxigenin-11-UTP. A variety of polymerases can be used, including T3, T7, and SP6. Oligonucleotides can be labelled during synthesis, when 5' labelled nucleotides can be incorporated directly into the molecule. Alternatively, enzymatic procedures can be used for either 5' or 3' labelling. One advantage of 3' end labelling is that multiple probe labels can be introduced to form a "tail", thus increasing the sensitivity of detection. Finally, probe labelling can be carried out using polymerase chain reaction (PCR) based methods, with either direct incorporation of labelled nucleotides or by using labelled primers. Details of the practical details of probe labelling can be found elsewhere. 7 
DENATURATION AND HYBRIDISATION
Once the appropriate probe molecule has been isolated and labelled, and the target nucleic acid exposed within the cell or tissue of interest, the probe and target must be brought together in such a way that specific hybridisation-joining together-can occur. For DNA probes and targets, this requires initial separation of the double stranded nucleic acid molecules into their single strandsdenaturation. This can be achieved either by chemical means or by heating the double stranded DNA to above its melting temperature, either in an oven or using a microwave. In reality, a combination of these two approaches is used. If double stranded DNA is heated to a temperature above its melting temperature (which is determined by both the length and sequence of the DNA), the two strands separate. The temperature at which this occurs can be altered by the inclusion of organic solvents in the denaturation-hybridisation solution. The most commonly used of these is formamide, which destabilises the double stranded structure of DNA at a given temperature, thus reducing the eVective melting temperature of the hybrids. This reduces the need for high temperature incubation and consequently leads to better preservation of morphology. For DNA detection using DNA probes, both probe and target molecules must be denatured. This can be achieved in two ways-that is, separately or by co-denaturation. The choice between these two methods is largely one of personal preference, although separate denaturation is most commonly used in molecular cytogenetics for fluorescent in situ hybridisation (FISH) and co-denaturation is most commonly used in the analysis of tissue sections. The main advantage of co-denaturation is that the number of practical steps is reduced. However, some argue that morphological preservation is less optimal than with separate probe and target denaturation. Riboprobes and oligonucleotide probes are single stranded, as is cellular RNA. Therefore, denaturation is not essential for RNA detection. Despite this, some workers have reported that denaturation improves the sensitivity of riboprobe detection of RNA, possibly by removing the secondary structure of RNA probe and target, but this is not a universal requirement.
Once the probe and target molecules have been rendered single stranded, all that is required for annealing to take place is for either the probe and target molecules to be brought together (for RNA detection and for separate denaturation of DNA), or for the incubation temperature to be reduced to below the melting temperature of the required hybrids (for DNA detection by co-denaturation). At this point, the specificity (or stringency) of the hybridisation reaction is determined. Thus, if hybridisation is carried out at too high a temperature, no probe annealing occurs as the probe and target remain single stranded. If hybridisation is carried out at too low a temperature, probe and target molecules that are not perfectly matched will be allowed to anneal, thus reducing the specificity of the reaction. The appropriate hybridisation temperature is determined by experiment. 8 Alternatively, the same eVect can be achieved by altering the chemical constitution of the hybridisation solution while keeping the temperature constant. Thus, increasing the formamide concentration (which destabilises mismatched hybrids) has the same eVect as hybridisation at a higher temperature. Other parameters that aVect the specificity of the reaction are: the concentration of monovalent cation (usually Na + ); the length of the probe molecules; and the probe concentration. Thus, a reduction in salt concentration increases the specificity of the reaction, as does lengthening the probe. Increasing the probe concentration drives the reaction in favour of the formation of probe-target hybrids thus speeding the reaction up but may also lead to non-specific background staining. Generally, a probe concentration of 1-2 ng/µl is optimum; again, this is best determined by experiment. Hybridisation time is also generally determined by experiment. However, as a rule, the time required is dependent on how repetitive the target sequence is: thus, highly repetitive targets, or targets present in high copy number, generally require short hybridisation times (two hours), whereas low copy number targets require overnight hybridisation. 5 8 9 DETECTION OF HYBRIDS Following hybridisation, the first step is to remove unbound hybridisation reagents. This
Figure 2 Examples of commonly used detection systems. (A) Direct detection of probe label using a primary antibody conjugated to a detector, such as a fluorochrome (for example, FITC) or an enzyme (for example, horseradish peroxidase). (B) Indirect detection of probe label using a biotinylated secondary antibody and an avidin conjugate. This conjugate can be labelled with either a fluorochrome or an enzyme to allow fluorescent or non-fluorescent detection. (C) An avidin based sandwich technique allowing high sensitivity detection of biotinylated probes. Two layers of an avidin conjugate are linked using an anti-avidin antibody.
is generally carried out in a saline solution in which probe-target hybrids are stable (standard saline citrate; SSC). At this point, the specificity of the reaction can again be manipulated, although only an increase in specificity is possible at this stage. Thus, washing in solutions containing lower salt concentrations, or higher formamide concentrations than the hybridisation solution, at a higher temperature than that at which hybridisation was carried out, increases specificity by dissociating imperfectly matched hybrids. Examples of this are: hybridisation in 60% formamide, 2× SSC at 37°C followed by washing in 60% formamide, 2× SSC at 42°C; and hybridisation in 50% formamide, 2× SSC at 37°C followed by washing in 0.1× SSC at 37°C.
Once the appropriate level of specificity has been achieved, the presence of probe-target hybrids can be demonstrated by detection of the probe label molecules. For isotopic labels, this is achieved by using dip-slide emulsion techniques. For non-isotopic labels, there are two basic choices: fluorescent or nonfluorescent detection. Probes labelled directly with either fluorochromes or enzymes can be detected directly by immediate fluorescence microscopy and by incubation in substrate solution, respectively. More commonly, indirect detection methods are used, based on either aYnity or immunodetection (fig 2) . The avidin or antibody systems are then linked to either a fluorochrome or to an enzymesubstrate combination (figs 3 and 4). Fluorescence based approaches are particularly useful when high resolution is required or where more than one sequence is hybridised to the same cell or tissue preparation. The latter is particularly important in interphase cytogenetics where multicolour hybridisation techniques are used frequently. Non-fluorescent methods are useful where accurate morphological correlation is required, particularly in the assessment of paraYn sections. Alkaline phosphatase based systems are generally more sensitive than those using peroxidase (fig 4) but peroxidase substrates tend to give greater resolution. The recently described amplification system based on peroxidase catalysed deposition of biotinylated tyramine 10 allows enhancement of the sensitivity of peroxidase based systems and can also be applied to alkaline phosphatase based detection.
Applications
The applications of in situ hybridisation can be considered on the basis of: the nucleic acid species being detected; its cellular localisation; and whether it is exogenous or endogenous in origin ( fig 5) . Endogenous DNA is largely nuclear-for example, chromosomes and individual genes, and these are most frequently detected by FISH, 6 which is be the subject of a further article in this series. 11 Non-fluorescent methods can also be used for larger targets and give good morphological correlation. Endogenous cytoplasmic DNA-for example, mitochondrial DNA, can also be examined but this is an uncommon application. Exogenous DNA is largely viral in origin and is almost universally nuclear in distribution. The most extensively studied example is human papillomavirus DNA, which can be detected easily in routine biopsy material (fig 3) and in cervical smears using standard in situ hybridisation techniques. 8 Other DNA viruses that can be analysed by in situ hybridisation are: cytomegalovirus (fig 4) , 12 herpes simplex virus (fig 3) , 13 varicella zoster virus, 14 Epstein-Barr virus, 15 adenovirus, 16 and JC virus. 17 From a diagnostic point of view, many of these viruses are more appropriately detected using PCR based methodology but in situ hybridisation is of clear value when morphological localisation is required.
RNA sequences are generally located within the cell cytoplasm, the main exception being heterogeneous nuclear, or unspliced, RNA. The most common application of in situ hybridisation in this situation is for the detection of specific mRNA species. 18 This is of particular value for the demonstration of cytokine mRNA and mRNA from other secreted products as it demonstrates true cellular synthesis, excluding the possibility that the presence of protein simply represents absorption by the cell. Although RNA in situ hybridisation is clearly less sensitive than-for example, reverse transcriptase-PCR, morphological localisation of RNA sequences is often as important as the determination of their presence. For example, determination of the cells synthesising cytokine RNA is of fundamental importance in the study of cell-cell interactions. RNA viruses and the viral transcripts of DNA viruses can also be demonstrated by in situ hybridisation. Examples of RNA viruses are: parvovirus, 19 retroviruses, 20 measles, 21 and enteroviruses. 22 Perhaps the best example of the detection of transcripts from a DNA virus is the use of EBER RNA for the determination of Epstein-Barr virus infection.
23

Conclusion
With modern technical refinements and the ready availability of many labelled probes from several commercial sources, in situ hybridisation is becoming a routinely applicable technique in both research and diagnostic laboratories. This is particularly true of FISH, which is extensively used in clinical cytogenetics. The strength of in situ hybridisation is its ability to localise nucleic acids to particular cells and to subcellular compartments, a property that is only rivalled by microdissection based techniques, which, with the exception perhaps of the recently described laser based microdissection approach, 24 are too crude for accurate analysis of populations of cells at the individual cell level. In situ hybridisation is of particular value where specific, morphologically orientated questions are being asked and, in this 
